Wnts and Fgfs regulate various tissues development in vertebrates. However, how regional Wnt or Fgf activities are established and how they interact in any given developmental event is elusive. We have investigated the Wnt-mediated craniofacial cartilage development in zebrafish and found that fgf3 expression in the pharyngeal pouches is differentially reduced along the anteroposterior axis in wnt5b mutants and wntless (wls) morphants, but its expression is normal in wnt9a and wnt11 morphants.
INTRODUCTION
The secreted Wnt family proteins (Wnts) are key regulators of cell proliferation, differentiation, migration and apoptosis during the embryonic development of multicellular organisms. Many studies have provided rich insights into how cells receive and respond to Wnt signals (Baarsma et al., 2013; Bartscherer and Boutros, 2008; Logan and Nusse, 2004; Pronobis and Peifer, 2012) . However, a comprehensive picture is still far from established regarding how different molecules and mechanisms function with each Wnt pathway in any specific developmental process.
For instance, Wnts and Fgfs have been known for their roles to regulate the development of skeletal tissues (Aberg et al., 2004; Baldridge et al., 2010; Bei and Maas, 1998; Brault et al., 2001; Church et al., 2002; Cuevas et al., 1988; Helms et al., 2005; Jentzsch et al., 1980; Liu et al., 2008; Reinhold et al., 2006; Rudnicki and Brown, 1997) . Nevertheless, our knowledge are still relatively limited on how Wnt and Fgf activities are present in a spatially and temporally regulated manner and how the chondrogenic and osteogenic cells integrate these two signaling to achieve the
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proper proliferation, differentiation or migration responses.
In vertebrates, the beta-catenin-mediated canonical and the non-canonical Wnt signaling pathways both have been shown to involve in the processes of craniofacial skeleton formation. In mice, previous observations indicate that Wnts could either stimulate chondrogenesis by promoting survival and differentiation of migrating neural crest cells (NCCs), or inhibit chondrogenesis by repressing BMP2 induced chondrocyte gene expression, depending on the developmental stage and the local tissue context (Brault et al., 2001; Liu et al., 2008; Reinhold et al., 2006; Yang et al., 2003) . In zebrafish, wnt4a and wnt11r were shown to regulate the formation of pharyngeal pouches while wnt5b, wnt9a and wnt11 were shown to regulate the development of pharyngeal arches and chondrocytes (Choe et al., 2013; Curtin et al., 2011; Heisenberg et al., 1996; Heisenberg et al., 2000; Kimmel et al., 2001; Rauch et al., 1997) . These findings indicated that Wnts mediate distinct effects on the generation and differentiation of chondrocytes. Therefore, to build a clear picture of how these Wnt molecules function to diversify the craniofacial skeleton plan requires the understanding of how different and active Wnt ligands are generated and exert their functions during the craniofacial cartilage development.
The transmembrane protein Wntless/Zvi/Sprinter/GPR177 (Wls) is one of the few proteins that were identified to mediate the intracellular transport of Wnt molecules in both vertebrate and invertebrate cells. Since the discovery of Wls in
2006, studies have shown that Wls as a transporter of Wnt ligands, binds Wnts in
Golgi and sends Wnts to membrane surface for Wnt-releasing from their producing cells (Banziger et al., 2006; Bartscherer et al., 2006; Goodman et al., 2006) , and the retromer complex-mediated membrane receptor recycling pathway is required for retrieving Wls from plasma membrane back to Golgi (Belenkaya et al., 2008; Das et al., 2012; Eaton, 2008; Franch-Marro et al., 2008; Pan et al., 2008; Port et al., 2008; Willert and Nusse, 2012; Yang et al., 2008) . In Drosophila, Wls deficiency causes segmentation defects in larvae and wing-margin defects in adults. The homozygous mutants would die before pupation (Banziger et al., 2006; Bartscherer et al., 2006; Goodman et al., 2006) . In mice, WLS has been shown to involve in diverse developmental processes such as in body axis formation, in mammary, skeletal and pulmonary vascular development, and in adult hair follicle growth and regeneration Journal of Cell Science Accepted manuscript (Cornett et al., 2013; Fu et al., 2009; Huang et al., 2012; Jiang et al., 2013; Maruyama et al., 2013a; Maruyama et al., 2013b; Myung et al., 2013; Zhong et al., 2012; Zhu et al., 2013) . However, while these WLS-deficient phenotypes have been associated with WNT-deficient phenotypes, whether WLS involves in the secretion of all WNTs that mediate these developmental events nevertheless has not been clearly demonstrated before. Because Wls-independent Wnt signaling has been found in Drosophia cells and Wls-deficient zebrafish larvae showed no obvious axial patterning defects or collective loss-of-Wnt phenotypes, suggesting that Wls may possess selectivity over different Wnt cargos. (Bartscherer et al., 2006; Ching et al., 2008; Jin et al., 2010; Kelly et al., 1995; Matsui et al., 2005; Ramel et al., 2005; Westfall et al., 2003) . However, whether those reported Wls-deficient embryos were in fact presenting the conditional loss-of-Wls phenotypes due to the presence of maternally inherited or derived Wls nevertheless should be carefully addressed.
Secreted Fgf family proteins (Fgfs), in addition to Wnts, have been shown to play indispensible roles during the development of vertebrate craniofacial skeleton as well. In mice, FGF8 has been shown to induce Fgf3 expression in dental mesenchyme to regulate early tooth development (Aberg et al., 2004; Bei and Maas, 1998; Meyers et al., 1998) . In zebrafish, Fgf3 expressed in the pharyngeal pouch endoderm regulates the formation of branchial arch cartilages, and depleting Fgf3 along with Fgf8 would enhance the Fgf3 deficiency-induced cartilage defects while depleting Fgf8 expression alone caused lesser effect on the jaw cartilage formation (David et al., 2002; Hanaoka et al., 2004; Herzog et al., 2004; Nissen et al., 2003; Walshe and Mason, 2003) . These essential and conserved roles of Fgf signaling pathways in vertebrate craniofacial skeleton development are reflected directly by the clinical discoveries that several human cranial facial skeletal abnormalities such as BeareStevenson Syndrome, Jackson-Weiss Syndrome, Pfeiffer Syndrome and Otodental Syndrome were caused by defective FGF signaling (Gregory-Evans et al., 2007; Ornitz and Marie, 2002; Passos-Bueno et al., 1999; Walshe and Mason, 2003) .
However, interplay between Wnt and Fgf signaling pathways in various tissue formation processes is a frequent scenario during vertebrate development. For examples, a negative feedback control between Wnt and Fgf signaling was found to involve in zebrafish lateral line (LL) development but a reciprocal positive control between the Wnt and Fgf signaling was found to operate during zebrafish embryonic Journal of Cell Science Accepted manuscript tail elongation (Aman and Piotrowski, 2008; Stulberg et al., 2012) . Whether during craniofacial skeleton development the similar molecular programs are operated between the components of the Fgf and Wnt pathways nevertheless are still unknown.
In this report, the molecular programs underlying the Wnt5b-mediated craniofacial cartilage development in zebrafish embryos were examined. Our analyses indicated that fgf3 expression in the developing pharyngeal pouches is differentially reduced along the anteroposterior (AP) axis in wnt5b mutants but is not reduced in wnt9a or wnt11 morphants. We also found that similar fgf3 expression reduction and abnormal cartilage development were present in the wls morphants. Introducing fulllength fgf3 mRNAs could rescue the jaw cartilage defects caused by Wnt5b or Wlsdeficiency. Anti-Wls antibody staining showed that maternally deposited Wls was present at 1 and 8-cell stage. This might account for the lack of Wnt-associated axis defects in the Wls-deficient embryos. Immunohistochemical staining further indicated that endogenous Wnt5b secretion but not Wnt11 secretion requires Wls. In addition, cell proliferation reduction was detected in the developing jaw of both Wnt5b and Wls-deficient embryos. Therefore, our data have revealed that Wnt5b requires Wls for secretion and regulates the proliferation of chondrogenic cells through fine-tuning fgf3 expression during embryonic jaw cartilage development. Our results also suggest that during the development of zebrafish jaw cartilage, both Wls-dependant and Wlsindependent Wnt signaling pathways are involved.
RESULTS

Ectopic expression of full-length fgf3 mRNAs rescued the jaw cartilage defects in wnt5b mutants
To understand whether Fgfs involve in the Wnt-mediated jaw cartilage development, we had evaluated the fgf3 and fgf8 expression in wnt5b mutants and wnt9a or wnt11 morphants (Curtin et al., 2011; Lele et al., 2001; Rauch et al., 1997) .
The results showed that fgf3 expression in the developing pharyngeal pouches along the anteroposterior (AP) axis is differentially reduced in wnt5b mutants but its expression is not reduced in wnt9a or wnt11 morphants at 48 hous post-fertilization (hpf) (Fig. 1A, B and fgf8 mRNAs into wnt5b mutants. The results showed that introducing the fulllength fgf3 mRNAs at 200 picogram (pg) could rescue the jaw cartilage defects in the wnt5b mutant larvae while the tail elongation defects still remained in the injected wnt5b mutants (Fig. 1J, K To quantitatively evaluate the abnormality of these cartilaginous tissues, we had analyzed the positional relationships between the Meckel's cartilage, the two ceratohyal cartilages, and the joints of the palatoquadrate (pq) and hyosymplectic (hs) cartilages by comparing the lengths of three reference lines (Line A, B and C in Fig.   1Q ) that were defined as previously described by Goudevenou et al. (Goudevenou et al., 2011) (also refer to Materials and methods section). The results showed that the B to A (B/A) and C to A (C/A) ratios of the wnt5b mutants were statistically different from the ratios of the WT larvae. However, the B/A and C/A ratios of the fgf3 mRNAinjected wnt5b mutants were not significantly different from the ratios of the WT larvae (Fig. 1Q) . Therefore, these data indicate that Wnt5b functions upstream to modulate the accumulation of the fgf3 transcripts along the AP axis during the development of jaw cartilages.
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Wntless-deficiency caused jaw cartilage defects that resemble the defects in wnt5b mutants
Genes involving in the same molecular pathway during a tissue formation event had been found to cause similar tissue formation phenotypes in many cases. In our study we found that at 96 hpf, zebrafish wls morphants exhibited a prominent jaw defect resembling the jaw defect in wnt5b mutants, and their Meckel's and ceratohyal cartilages were dislocated and smaller like what were observed in wnt5b mutants ( Fig.   1L and Fig. 2A , B, C, D, E, F, G, H, I, J). Besides, we found that wls morphants also exhibited obvious ear and brain defects at 96 hpf but showed no obvious axis defect, and they survived to differentiate most of the larval organs at 48 hpf even after high dose of MO injection (Jin et al., 2010) . This observation was not expected because not only function of Wls has been associated with the secretion of most if not all Wnts (Banziger et al., 2006; Bartscherer et al., 2006; Goodman et al., 2006) , but also Wnt signaling has been shown to control the axis development in various vertebrates including zebrafish, and the axis developmental defects have been observed in the Wls knockout (KO) mice (Fu et al., 2009; Jin et al., 2010; Kelly et al., 1995; Matsui et al., 2005; Ramel et al., 2005; Westfall et al., 2003) . Because the observed jaw defects in wls morphants were not representing the combined phenotypes from loss of Wnt4a, Wnt5b, Wnt9a, Wnt11 and Wnt11r (Choe et al., 2013; Curtin et al., 2011; Heisenberg et al., 1996; Heisenberg et al., 2000; Rauch et al., 1997) , we therefore hypothesized that the presence of maternally inherited Wls may help Wls morphants to bypassed the requirement of Wls during early development, or Wls may not be essentially required for zebrafish embryonic development at early stage. At later stages, Wls may only control the secretion of a subset of Wnts during the development of jaw cartilages.
In order to visualize the endogenously expressed Wls, we generated two polyclonal antibodies against the recombinant proteins containing the c-terminal domain of zebrafish Wls. The whole mount immunostaining patterns recognized by our anti-Wls antibodies could recapitulate the expression patterns of the wls transcripts in embryos at 24, 48 and 72 hpf, except some non-specific signals were observed in the muscles where wls mRNA expression was not detected (Jin et al. 2010 and our unpublished data) (Fig. 2K , M, P). After MO treatment, the staining signals in Journal of Cell Science Accepted manuscript the Wls expressing domains disappeared in wls morphants while the non-specific staining signals on muscles at 48 hpf were not affected, and the staining signal of the endogenous Wls was disappeared too in our Western Blot analysis (Fig. 2O ). These data indicated that our anti-Wls antibodies could recognize endogenous Wls, and the wls MOs we applied could efficiently deplete Wls expressions by translational inhibition at 24 and 48 hpf (Fig. 2L, N, O) . In addition, the wls MO we applied would not cause non-specific cell death like some other MOs would do. Anti-Wls staining of 0-4 hpf embryos had been conducted for evaluating Wls expression at earlier stages.
The results showed that Wls proteins could be detected in eggs at 1-cell and cleavage stages (Fig. 2P , Q, R), indicating that the maternally deposited Wls are present in zebrafish eggs.
Ectopic expression of full-length fgf3 mRNAs rescued the jaw cartilage defects in wls morphants
To understand whether the jaw cartilage abnormality in wls morphant was caused by fgf3 expression reduction, we had examined the expressions of fgf3 and fgf8 at 48 hpf. The results showed that similar to the wnt5b mutants, a differential reduction of fgf3 expression in the pharyngeal pouches was detected while the expression of fgf8 was not affected in the wls morphants at 48 hpf (Fig. 3A , B, C, D, E, F, G). We subsequently introduced full-length fgf3 mRNAs into the wls morphants and the results indicated that ectopically expressed fg3 mRNAs could rescue the jaw cartilage defects as well. As can be seen the positional relationships between the Meckel's cartilage, the two ceratohyal cartilages, and the joints of the palatoquadrate and hyosymplectic cartilages (B/A and C/A ratios in Fig.1Q ) in the fgf3 mRNAsrescued larvae became no statistically different from the control larvae (Fig. 3H, I , J, K, L). Therefore, similar to Wnt5b, Wls also controls jaw cartilage development through modulating the expression of fgf3 along the AP axis in pharyngeal pouches, suggesting that Wls may be required for the secretion of active Wnt5b from its producing cells in the developing jaw.
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Wntless is required for Wnt5b secretion
The results presented above have pointed out that while Wnt5b, Wnt9a and Wnt11 exist simultaneously in the developing jaw, these Wnts possess different activities on regulating the Fgf3-mediated jaw cartilage development. The fact that Wls morphants do not exhibit collective loss-of-Wnt phenotypes but share similar jaw defect with wnt5 mutants intrigued us to hypothesize that Wls might not modulate the secretion of all the Wnts involving in the jaw cartilage development. Utilizing the antibodies available commercially, we had examined the influence of Wls on the secretion of Wnt5b and Wnt11. The results demonstrated that in the developing jaw of the control embryos, both Wnt5b and Wnt11 puncta were present prominently near or on the cell membranes, indicating that these two Wnt proteins were in the process of secretion (Fig. 4A , B, C, D, E, F, G, H, I, J, K) (Chen et al., 2012) . However, in the developing jaw of the Wls morphants, the Wnt5b puncta on the cell membranes were disappeared while the Wnt11 puncta were still present on the cell membranes. This observation indicates that Wls controls Wnt5b but not Wnt11 secretion during the embryonic jaw development (Fig. 4L , M, N, O, P, Q).
Wntless controls chondrogenic cell proliferation during embryonic jaw cartilage development
When we were examining the jaw cartilage defects in the Wls-deficient larvae, we noticed that all cartilage elements were still present, yet these cartilages exhibited different degrees of size reduction but the individual cell in each cartilage looked fairly normal (Figure 2A-F) . We thus examined the expression of several markers genes to understand whether Wls-deficiency affected other Wnt-mediated development. The results showed that the expressions of neural crest cell (NCC) marker dlx2 and sox10 as well as migrating lateral line (LL) primordium marker fgf3 and a canonical Wnt-responding gene dkk1b were normal in wls morphants at 24 and 48 hpf (Fig. 5A , B, C, D, E, F, G, H, I, J). In addition, the expression of chondrocyte and cartilage marker sox9a was present in the wls morphants at 96 hpf despite the sox9a-positive cells are distributed in less areas (Fig. 5K , L, M, N, O, P). These observations suggested that the cartilage abnormality is likely resulted from abnormal cell death or proliferation rather than the defective specification or migration of the Journal of Cell Science Accepted manuscript cranial NCCs or chondrocytes (Curtin et al., 2011; Yan et al., 2002) . We therefore compared the cell apoptosis and proliferation status in wn5b mutants and wls morphants utilizing the TUNEL assay, the anti-phosphohistone 3 antibody (anti-pH3) staining and BrdU labeling (see Materials and methods) (Berghmans et al., 2005; Shepard et al., 2004) .
The TUNEL assay showed that the apoptotic cell numbers in wls morphants and wnt5b mutants were no different statistically to MO control or WT siblings at both 24 and 48 hpf (7.4±2.2 vs. 7.3±1.9, P=0.916 and 4.6±1.3 vs. 5.8±1.7, P=0.111 for wls; 7.8±1.9 vs. 7.6±2.9, P=0.858 and 5.6±1.5 vs. 5.8±1.9, P=0.806 for wnt5b) (Fig. 6A, B (Fig. 6C, D, I , J, O, P, U, V; Fig. 7C, D, I , J, O, P, U, V). The reduced cell proliferation could be rescued by re-introducing fgf3 mRNAs into wnt5b mutants and wls morphants (Fig. S1A, B, C, D, E 85.9±11.4, P=6.3923E-07 for wnt5b) (Fig. 6E, F (Baldridge et al., 2010; David et al., 2002; Gregory-Evans et al., 2007; Helms et al., 2005; Kimmel et al., 2001; Liu et al., 2008; Meyers et al., 1998; Ornitz and Marie, 2002; Passos-Bueno et al., 1999; Walshe and Mason, 2003; Yang et al., 2003) .
Previously reports have shown that interactions between Wnt and Fgf signaling can be operated under different mechanisms in different developmental processes as negative feedback control or reciprocal positive control between Wnt and Fgf signaling were observed during zebrafish lateral line (LL) and tail development, respectively (Aman and Piotrowski, 2008; Stulberg et al., 2012) . In our study, we have discovered that Fgf3 functions specifically downstream to Wls and Wnt5b because fgf3 expression is partially reduced in wnt5b mutants and wls morphants, and re-introducing fgf3 mRNAs rescue the jaw cartilage defects in both wnt5b mutants and wls morphants (Fig. 1) . These results thus indicate that loss of Wnt5b or Wls activities does not cause a general loss of the chondrogenic cells in the developing jaw but specifically causes reduction of fgf3 expression in the pharyngeal pouch endoderm that eventually leads to the abnormal jaw cartilage development. The rescue of jaw defects in wls morphants by fgf3 mRNAs also indicate that Fgf3 secretion is not controlled by Wls in the developing jaw, which is consistent to the notion that Wls is dedicated to modulate Wnt secretion (Banziger et al., 2006; Bartscherer et al., 2006; Goodman et al., 2006) .
In zebrafish migrating LL primordia, fgf3 and fgf10 expressions both were promoted by the canonical Wnt signaling (Aman and Piotrowski, 2008) . In our study we found that the expression of fgf3 in the developing jaw was only partially downregulated by Wnt5b because the reduction of fgf3 expression was prominent in the anterior pouches but less obvious in the posterior pouches (Fig. 1B) . This regional
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fine-tuning of fgf3 expression by Wnt5b but not by Wnt9a or Wnt11 (Fig. 1C, D) suggests that different molecular programs exist in the anterior and posterior ends of the developing jaw to modulate fgf3 expression in the pharyngeal pouch endoderm.
This also explains why complete loss of Fgf3 caused a severer jaw cartilage abnormality than the loss of Wnt5b or Wls does. It will be interesting to know whether the difference of fgf3 expression levels in different regions reflect the Wnt5b gradient surrounding the fgf3 positive pouches. Our results also suggest that Wnt5b, Wnt9a and Wnt11 do not function together or antagonize each other in the developing jaw, because alteration of fgf3 expression was not observed in the pharyngeal pouches of wnt9a and wnt11 morphants. This role of Wnt5b in jaw development is different from its role in axis formation where Wnt5b functions to antagonize canonical Wntsignaling (Westfall et al., 2003) . In addition, although control of Wnt activity in LL development involves negative feedback from dkk1b induction, Wnt5b activity in jaw development does not seem to be regulated by dkk1b because change of dkk1b expression was not observed in the pharyngeal of wnt5b mutants (Fig. 5I, J) .
Although function of Wls had been associated with the secretion of most if not
all Wnts (Banziger et al., 2006; Bartscherer et al., 2006; Goodman et al., 2006) , later study showed that Wls-independent Wnt secretions in fact existed in Drosophia cells (Ching et al., 2008) . The observation that the jaw cartilage defects in wls morphants did not resemble the collective phenotypes from loss of Wnt4a, Wnt5b, Wnt9a, Wnt11 and Wnt11r but resembled the cartilage abnormality observed in wnt5b mutants implies that Wls might control the secretion of only subset of Wnts in the developing jaw of zebrafish. The fact that Wnt5b but not Wnt11 secretion is perturbed in cells in the developing jaw of the wls morphants indeed supports our hypothesis that Wls is not involved in every Wnt secretion events in vivo (Fig. 4) . Whether any Wlsdependent Wnt secretion identified in one type of cells could be extrapolated to another type of cells however requires more efforts to confirm. The existence of Wlsindependent Wnt signaling is also supported by our observation that Wls might not involve in the canonical Wnt secretion during LL development because fgf3 expression in the migrating LL primordia is not affected by Wls-deficiency (Fig. 5 E, F, G, H). Alternatively, because maternally provided Wls proteins are present in eggs, this inherited Wls activity may be sufficient to support the Wnt-mediated processes such as PCP, axis formation, and NCC specification and migration in the wls Journal of Cell Science Accepted manuscript morphants at earlier developmental stages, hence explain the lack of Wnt-associated defects in the wls morphants showed in this and the previous reports (Jin et al., 2010) .
The presence of maternally deposited Wls in zebrafish eggs although provides a naturally occurred conditional loss-of-Wls embryos, it also makes it technically challenging to generate maternal-zygotic loss-of-Wls embryos for evaluating the function of Wls at earlier developmental stages.
Functions of Fgf and Wnt signaling in growing embryos have been associated with cell proliferation, differentiation, migration and apoptosis in various developmental processes (Brault et al., 2001; Chi et al., 2003; Choe et al., 2013; Jaszai et al., 2003; Rudnicki and Brown, 1997) . In this study, we found that Wls modulates proliferation rather than survival of the chondrogenic cells during the development of jaw cartilages because decrease of proliferation frequency were observed in wls morphants at 48 hpf (Fig. 6, 7) . These results suggest that canonical Wnt, Bmp as well as Fgf signaling are intact in the Wls-deficient embryos at the stages when cranial NCCs (CNCCs) are forming and migrating out from neural plate border, because components of these signaling pathways have been shown to play critical roles in the specification and migration of CNCCs (Choe et al., 2013; Garnett et al., 2012) . Another thing worth noticing is that in addition to a prominent jaw defect, obvious brain defects were also present in the 96 hpf wls morphants (Fig. 2B and Jin et al., 2010) . Because alterations of both cell proliferation and apoptosis were observed in the brains of the wls morphants at 48 hpf (Fig. 7G) , it therefore is conceivable to infer that Wls plays a more complex role during the development of embryonic brain. This reasoning matches adequately with the function of Wls inside cells and the nature of the development of neural tissues where more diversified developmental processes and cell types are involved.
In summary, we have demonstrated that Wnt5b requires Wls for secretion and it regulates the proliferation of craniofacial chondrogenic cells through fine-tuning the expression of fgf3 in the pharyngeal pouches (Summarized in Fig. 8 ). Future studies focusing on how the fgf3 expression is controlled by Wnt5b signaling and whether a feedback control will be provoked by the Wnt5b-activated fgf3 expression shall provide novel knowledge on how Wnt and Fgf signaling interplay with each other in a beta-catenin independent manner. Our results also suggest that during the Journal of Cell Science Accepted manuscript development of zebrafish jaw cartilage, both Wls-dependant and Wls-independent Wnt signaling pathways are involved. This novel operational mechanism may be a general strategy in vertebrate embryos to differentiate different Wnts in any given developmental process involving multiple Wnt-signaling pathways.
MATERIALS AND METHODS
Zebrafish lines and maintenance
Danio rerio AB strain and wnt5b ti265/+ (pipetail) fish (Rauch et al., 1997) were obtained from Taiwan Zebrafish Core Facility at Academia Sinica (TZCAS). The wnt5b ti265 allele is homozygous lethal. It therefore requires crossing wnt5b
heterozygous (+/-) parents to obtain the homozygous wnt5b mutants (-/-) that in general would occupy 25% of the total progeny. All fish and embryos were raised and bred at 28°C based on the standard procedures described on ZFIN (http://zfin.org). All embryos were collected from natural spawning and kept at 28°C till preferred experiment performing stages. This work has been conducted following the Academia Sinica IACUC approved protocol #RFiIBCKY2009084 and #11-05-182.
Whole mount in situ hybridization and signal quantification
Whole mount RNA in situ hybridization (WISH) and riboprobe synthesis were carried out as described previously (Kuan et al., 2007) . The clones for making antisense riboprobes of fgf3 (ZGC:194262), fgf8 (ZGC:101652) and dkk1b (ZGC:152787)
were purchased from ATCC (American Type Culture Collection, USA). The fulllength fgf8 and dkk1b fragments (EcoRI and NotI sites) were further sub-cloned into pCRII-TOPO vector (Invitrogen, USA) for obtaining the polymerase sites. The clones for making anti-sense riboprobes of wls (ZGC:64091), dlx2a, and sox9a were gifts from Dr. Halpern (Carnegie Inst., USA). The clone for making anti-sense sox10 riboprobes was generated by amplifying the sox10 cDNAs using 24 hpf embryonic total RNAs and primer pair 5'-AACGCCAATTTGACACCAGTAG-3' and 5'-ACCAAAGGGAGACAAAACATAGA A-3', followed by TA cloning into the pCRII-TOPO vector. All images from WISH were taken with Canon EOS 600D on Leica DM RE microscope and were cropped to proper sizes for publication by Photoshop
Journal of Cell Science Accepted manuscript (CS5 edition, Adobe System, USA). Signal intensities in the images showing enlarged pharyngeal were quantified by ImageJ software (http://imagej.nih.gov/ij/) using the following steps: first convert the images to grayscale; second use the polygon tool to draw the bonding box, third eliminate background by adjusting the threshold, and fourth quantify the intensity by clicking measure function. All the statistical analyses and chart making in this study were performed in Microsoft Excel. Significance was evaluated by two-tailed Student's t-test. Data are presented as mean ± SEM and differences were considered significant at P < 0.05.
mRNA and antisense morpholino (MO) injection
The clones for making full-length fgf3, fgf8 and wls mRNAs were the same full-length clones used for probe making. Capped sense mRNAs were generated utilizing the mMESSAGE mMachine Kit (Ambion, USA). Antisense wls MO (5′- 
Cartilage staining and analysis
For cartilage visualization, Alcian Blue (Sigma, USA) staining was performed as described before with minor modification (Schilling and Kimmel, 1997). In brief, larvae were collected at 120 hpf and fixed in 4% PFA in PBS overnight then stored in PBS at 4ºC before use. Alcian Blue (0.1%) dissolved in 0.37% HCl and 70% ethanol was used to label cartilages, and the stained samples were digesting with 0.02% trypsin for 2 hours then stored in 80% glycerol-KOH for visualization. All bright field images were collected with Canon EOS 600D (Japan) installed on Leica DM RE microscope (Germany) . To analyze the positional relationships of these cartilaginous tissues quantitatively, we have adopted the method described by Goudevenou et al.
(Goudevenou et al., 2011) with minor modification. In brief, we have compared the
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lengths between a baseline drawn between the joints of the palatoquadrate (pq) and hyosymplectic (hs) cartilages (Line A in Fig. 1 Q) , the line drawn from the anterior end of the Meckel's cartilage to the middle of the line A (Line B in Fig. 1Q ), and the line drawn from the anterior joint of the two ceratohyal to the middle of the line A (Line C in Fig. 1 Q) . The length of each line was measured by using "measure" commend in ImageJ.
Antibody generation and immunohistochemical staining
The clone for expressing recombinant Wls was generated by amplifying the wls cDNAs using 48-72 hpf embryonic total RNAs and primer pair 5'-TTGGATCCTACGTGTTTGCCCTCAT-3' and 5'-GTGAGCTCTATTCTTGAGCTT CTTTG-3', followed by cloning into the pET28a vector (Novagen, USA) through
BamHI and SacI sites. The recombinant proteins were purified according to the method described by Lomasney et al. (Lomasney et al., 1996) . The anti-Wls containing serums were generated in rabbits or guinea pigs ( 
Proliferating and apoptotic cell labeling and quantification
Proliferating cells were labeled with rabbit anti-pH3 (see above) and BrdU (Sigma), and apoptotic cells were detected by Cell Death Detection kit (TUNEL, Roche, Switzerland) as previously described (Berghmans et al., 2005; Shepard et al., 2004) with minor modification in BrdU incorporation steps. In brief, 5-minute 5mM
BrdU in E3 buffer, mouse anti-BrdU (BD, USA) and goat anti-mouse Alexa568 Journal of Cell Science Accepted manuscript Journal of Cell Science Accepted manuscript 
Lateral views for images in (A-D), ventral views in (E-G).
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